the social deficits and what the molecular mechanisms of such effects might be. We found that housing rats with nonmanipulated control rats normalized the social avoidance phenotype normally seen when they are housed with sexmatched prenatal ethanol-exposed littermates. There was no mitigation of the other ethanol-induced behavioral deficits. Conversely, male control-treated rats housed with nonlittermates showed deficits in play fighting, social investigation and contact behavior. Molecular analyses of the amygdala and ventral striatum of adolescent rats following fetal ethanol exposure indicated several specific neurotransmitter systems and pathways that might underlie the social avoidance phenotype as well as its reversal.
effects on quality of life. A recent report on people with autism shows that subjects with mild social behavior deficits display the same quality of life issues as those with more severe deficits [1] . Thus, even mild deficits in social behavior should be taken seriously and mitigated if at all possible. To date, the best intervention for social behavior deficits is early intensive behavioral therapy but this is time-consuming and costly.
In humans with fetal alcohol spectrum disorder, social behavior abnormalities include deficits in relationships, coping skills, and use of play and leisure time [2, 3] . Other problems include poor social skills, difficulties understanding social cues, and inappropriate social behavior [4, 5] . Such deficits continue through adolescence and into adulthood [6] .
Rats exposed to alcohol during development also have altered social behaviors with the behavioral changes being dependent on the timing, duration, and dose of alcohol. Social play is affected in male rats exposed to ethanol during the second half of gestation [7] , whereas social interactions were mostly increased in both males and females exposed to alcohol throughout gestation to postnatal day (P) 10 [8] . We recently reported that acute exposure to ethanol on a single day of gestation affects social behavior in a way that is timing-, age-, and sex-dependent [9] . That is, male offspring of animals exposed on gestational day (G) 12 exhibit deficits in play fighting, contact behavior, and social investigation during adolescence and adulthood.
Social behavior normally relies on multiple sensory systems (vision, olfaction, audition, and somatosensation), as well as on the limbic system. Within the limbic system the amygdala is widely recognized as being particularly important for social behavior. Lesions in the amygdala result in aberrant social behaviors and reduced eye contact behavior [10] [11] [12] . Moreover, people with amygdala damage do not process emotional information normally [13] [14] [15] . Notably, these symptoms are similar to those of people with autism.
The anatomical substrates for amygdala involvement in social behavior are beginning to be elucidated. Price [16] describes amygdala connectivity as having three main systems: forebrain-sensory, forebrain-emotional, and brainstem. The central nucleus of the amygdala is a key player in the forebrain-emotional system. This system involves connections between numerous brain areas including the prefrontal cortex, medial thalamus, and basal ganglia, and appears to be important for regulating mood, behavioral choices, reward assessment and modulation of visceral function. Within the basal ganglia, it is thought that the ventral striatum serves as an integration center for social/emotional signals from the amygdala, spatial/contextual information from the hippocampus, reward/motivational signals from midbrain dopamine neurons, and cognitive signals from prefrontal areas of the cortex (reviewed in Pennartz et al. [17] ). Once integrated, the information is thought to guide the selection or execution of appropriate behavioral responses to different cues.
Social dysfunction may be the most characteristic feature of autism. Therefore, improved social functioning has often been one of the main goals of intervention. A number of social intervention strategies for children and adults have been designed and tested in behavioral studies. Child-parent social interactions [18] , child-other adult social interactions [19, 20] , and child-peer social interactions [21] can be effectively taught using these behavioral methods. It has been demonstrated that social skills, when trained, can also improve verbal and nonverbal communication [22] . Social characteristics of the environment play an important role in social skills training, with a greater ratio of typically developing peers to atypically developing peers (i.e. autistic peers) supporting improved social interactions for peers with autism [23] . Therefore, social experience with typically developing peers is essential for improving social skills and increasing social interactions in autistic children.
The beneficial effects of social enrichment can also be seen in animal models. Socially deprived animals exhibit behavioral deficits similar to some of those seen in autism. Specifically they show repetitive, or stereotyped, behaviors following CNS damage, administration of pharmacological agents, or environmental restriction [24] . Subsequently, many of these behavioral deficits can be ameliorated by housing in enriched environments. Environmental enrichment also ameliorates the deficits in social behavior caused by prenatal exposure to valproic acid [25] , a commonly used model of autism. Behavioral studies have revealed substantial effects of enriched environments on learning and memory [26] [27] [28] , anxiety-related behaviors [29] [30] [31] [32] and exploratory activity [27, 33] . Intriguingly, social factors are associated with changes in novelty responsiveness and anxiety-like behavior by affecting the prefrontal cortex and striatum [34] [35] [36] [37] .
We have previously shown that acute exposure to ethanol on G12 negatively affected four measures of social behavior in male offspring (investigation, contact, play fighting, and social motivation), whereas females only showed deficits in social motivation [9] . Interestingly, with increasing age, both males and females became more avoidant of a novel conspecific. Given that social factors can moderate anxiety behaviors, we tested the hypothesis that social enrichment could ameliorate the behavioral deficits caused by acute exposure to ethanol during mid-gestation. We also sought to determine the molecular mechanisms that contribute to this improvement in social functioning.
Methods

Animals
Pregnant Long Evans rats (Harlan, Indianapolis, Ind., USA) were received on G4. G1 was designated as the first day on which a sperm-positive plug was noted. Rats were housed at the Syracuse Veteran's Affairs Medical Center in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Rooms were temperature-controlled (22 ° C) and maintained on a 12-hour light/12-hour dark cycle (lights off at 07: 00). All procedures were performed with approval of the Committee for Humane Use of Animals at SUNY Upstate Medical University and the Institutional Animal Care and Use Committee at the Syracuse Veteran's Affairs Medical Center, and were in accordance with the guidelines for animal care established by the National Institutes of Health.
Animals were exposed to ethanol prenatally as described previously [9] . Briefly, on G12, dams received an intraperitoneal injection of ethanol (2.9 g/kg as a 20% v/v solution in physiological saline) at time 0 (t 0 ). Two hours later (t 2 ), animals received a second intraperitoneal injection of 1.45 g/kg ethanol. Control animals received an intraperitoneal injection of an equivalent volume of saline at t 0 and again at t 2 . This method of ethanol administration gives blood ethanol concentrations of 287 8 3.5 mg/dl within 15 min of the second injection [9] .
Litters were culled to 10 pups within 24 h of birth, maintaining a 50/50 ratio of males/females as best as possible. On P21, litters were weaned and male and female offspring were housed separately. After social behavior testing (described below), animals were injected intraperitoneally with 100 mg/kg ketamine and 10 mg/kg xylazine prior to decapitation. Brains were rapidly removed, snap-frozen in dry ice, and stored at -80 ° C until used for RNA extraction (below).
Social Enrichment
For this study, we defined social enrichment as housing experimental animals (offspring of saline-or ethanol-injected dams) with novel conspecifics from untreated dams for 3 weeks between P21 and P42. All animals were housed in groups of 3 or 4. Thus, nonenriched animals were housed in groups of 3 or 4 same-sex littermates between P21 and P42. For enriched animals, 1 offspring from an experimental dam (saline-or ethanol-treated) was housed with 2 or 3 same-age, same-sex animals from a nontreated dam between P21 and P42.
Social Interaction Test
On P42, animals underwent a modified social interaction test as described previously [9] . All testing was conducted under dim light using a Plexiglas test apparatus (30 cm ! 20 cm ! 20 cm) divided into two equally sized compartments by a clear partition with an aperture (7 cm ! 5 cm) that allowed 1 animal at a time to move between compartments.
On P41, the day before testing, experimental animals were placed into the testing apparatus by themselves for 30 min. This made the test environment more familiar, thereby increasing social interactions [38, 39] . On P42, each experimental animal was marked on its side with permanent ink, placed in a holding cage alone for 30 min and then transferred into the test apparatus. After 5 min, a novel age-and sex-matched control rat from a nontreated dam was also placed into the testing apparatus.
Animals were recorded for the 10-min social interaction test session. Behavioral data were scored from video recordings by a trained observer who was blinded to the prenatal treatment, sex, and postnatal housing of any animal. Five behavioral measures were scored: play fighting, social investigation, contact behavior, social motivation, and locomotor activity. Social investigation was defined as the sniffing of any part of the body of the cage partner. Contact behavior was defined as crawling over and under the partner and social grooming. Play fighting was defined as pouncing or playful nape attack, following and chasing, and pinning. Social motivation was determined by counting the number of crossovers (movements between compartments) toward the partner and the number of crossovers away from the partner. Social motivation was expressed as a coefficient of social preference/ avoidance [coefficient (%) = (crossovers to -crossovers from)/ (crossovers to + crossovers from)].
Statistical Analysis of Behavior
The design of the study was a 2 (prenatal exposure: saline or ethanol) ! 2 (postnatal housing: nonenriched or enriched) ! 2 (sex) factorial, with 9-12 experimental subjects placed into each of the 8 groups defined by this factorial design. Data were analyzed separately for each behavioral measure using a corresponding 2 ! 2 ! 2 analysis of variance (ANOVA). Fisher's least significant difference tests were used for post hoc comparisons to determine the source of any significant main effects and interactions.
RNA Isolation
To determine the potential molecular substrates of increased and decreased social motivation, we first dissected the whole amygdala and ventral striatum from a total of 72 42-day-old male and female rats, using established anatomical landmarks. For these dissections, the brains were first cut into coronal slabs. The boundaries of the amygdala complex (putamen dorsally, piriform cortex laterally, and internal capsule medially) were visualized on the first coronal slab caudal to the optic chiasm that contained clear thalamus and hippocampus. The boundaries of the ventral striatum were visualized on the most rostral coronal slab containing clear striatum and lateral ventricles rostral to the corpus callosum. The ventral striatum was defined as the subcortical brain region ventral and medial to a line starting at the ventral limit of the lateral ventricle extending 45° below the horizontal plane toward the ventrolateral cortical surface. After isolating the regions of interest, total RNA was purified using the RNeasy kit (Qiagen, Valencia, Calif., USA). RNA yield and quality were assessed by UV spectrophotometry and the Agilent Technologies Bioanalyzer.
Expression Profiling
For each of the 8 conditions in the 2 ! 2 ! 2 design, we used 3 Rat ST Gene 1.0 Arrays (Affymetrix, Santa Clara, Calif., USA) to examine changes in gene expression in 2 different brain regions (the amygdala and ventral striatum) for a total of 48 microarrays. Each array was hybridized with a pooled RNA sample prepared from 3 separate rats within the same condition (100 ng total RNA per rat sample), and 3 pools were used for each condition. RNA was prepared for hybridization using the WT Expression Kit (Ambion, Austin, Tes., USA). After hybridization, washing and scanning, the 48 arrays were normalized using GC-RMA and imported into Partek Genomics Suite for analysis (version 6.5). For this report, we used the NetAffx query tool (Affymetrix) to identify and limit our analysis to a total of 663 probe sets on the Rat ST Gene 1.0 Array that were involved in brain and relevant behavioral functions using the following 17 gene ontology search terms: social, anxiety, fear, autism, synapse, synaptic, norepinephrine, neuropeptide, cannabinoid, opioid, oxytocin, GABA, glutamate, glycine, serotonin, dopamine, neurotransmitter.
Molecular Substrates of Decreased Social Motivation
Because the behavioral data indicated that social motivation was significantly decreased in both male and female rats that were exposed in utero to ethanol at G12, we first compared the in utero exposed versus unexposed P42 rats in both brain areas. This was done using a 2 ! 2 ! 2 (exposure ! sex ! brain area) ANOVA, with post hoc contrasts set to reveal the change due to prenatal ethanol exposure. We focused on those genes with a significant main effect of the ethanol exposure after correction for multiple testing (using a step-up false discovery rate algorithm) and lack of any significant ethanol exposure ! sex or ethanol exposure ! area interactions. For the genes that met these criteria, we also determined the evidence for any social enrichment ! ethanol interactions.
Molecular Substrates of Increased Social Motivation
Because the behavioral data demonstrated that enrichment with a normal cagemate reversed the social motivation deficit seen in prenatal ethanol-exposed male and female rats, we next compared the enriched versus nonenriched ethanol-exposed rats. Similar to the previous analysis, this was performed using a 2 ! 2 ! 2 (enrichment condition ! sex ! brain area) ANOVA, with post hoc contrasts set to reveal the change due to social enrichment. We focused on those genes with a significant main effect of the enrichment after correction for multiple testing (using a stepup false discovery rate algorithm) and lack of any significant enrichment ! sex or enrichment ! area interactions. For the genes that met these criteria, we also determined the evidence for any social enrichment ! ethanol interactions.
Clustering, Bioinformatic, and Alternative Splice Variant Analyses
Genes with significant main effects of either gestational ethanol exposure or social enrichment were subjected to hierarchical cluster analysis and annotated using the STRING database (http:// string-db.org). Then, we used STRING to construct a biological interaction network using the 28 unique genes, plus twice that number (n = 56) of connecting nodes (genes not in the list). Only interactions with high confidence (0.7 score or greater) were used. Finally, we used the Partek Genomics Suite alternative splice variant (ASV) algorithm to determine if any of the observed changes in overall gene expression seen as a result of ethanol exposure or social enrichment might be explained or influenced by different patterns of exon usage in the treatment groups. This algorithm tests all of the exon probes (approximately 9-10 per gene) within the genes of interest, using the gene identity as an additional factor in the ANOVA model, thus enabling the detection of exon probe ! treatment interactions within each gene. Such interactions indicate potentially different patterns of exon usage (i.e., ASVs) that are related to treatment variables, such as ethanol exposure or social enrichment. Only genes with 3 or more exons were examined by this algorithm, and multiple testing correction was applied.
Results
Social Behavior
Prenatal exposure to ethanol on G12 altered social behavior in 42-day-old rats ( fig. 1 ), with positive consequences of social enrichment evident in animals prenatally exposed to ethanol and negative effects seen in saline-exposed males.
For each behavioral measure, separate three-way ANOVAs using a 2 (prenatal exposure: saline or ethanol) Post hoc analyses demonstrated that males exposed to ethanol on G12 showed significant decreases in the frequency of social investigation and play fighting relative to their control counterparts that had been prenatally exposed to saline. Intriguingly, social enrichment had a negative effect on social investigation and play fighting of saline-exposed (but not ethanol-treated) males ( fig. 1 ) , with significant decreases in the frequency of play fighting and social investigation seen in control males, but not control females, that underwent social enrichment relative to their nonenriched counterparts.
Contact behavior differed as a function of social enrichment only [F(1, 74) = 5.57, p ! 0.05], with socially enriched animals demonstrating less contact behavior than their nonenriched counterparts, this effect was driven by males ( fig. 1 ) .
The analysis of the coefficient of social preference/ avoidance revealed a significant prenatal treatment ! postnatal housing interaction [F(1, 74) = 8.28, p ! 0.01]. Therefore, post hoc comparisons were done on the data collapsed across sex ( fig. 1 ). Social motivation was significantly decreased in animals exposed to ethanol on G12. This finding is similar to those described previous-ly [9] . Social enrichment significantly increased social motivation in the ethanol-exposed animals, thereby mitigating the observed social deficit regardless of sex ( fig. 1 ). Locomotor activity in the social context was not affected by prenatal treatment or postnatal housing (data not shown).
Molecular Analyses
Of the more than 660 genes examined with involvement in neurotransmission or brain function, we found only a small subset with significant main effects of ethanol exposure at G12 or postnatal social enrichment. Specifically, 10 genes showed significant ethanol effects across sexes and brain areas, and no significant interaction of sex ! ethanol exposure or area ! ethanol exposure ( table 1 ) . Interestingly, the majority of these genes showed nominally significant interactions (p ! 0.05, n = 7) or trends for interactions (p ! 0.10, n = 2) of ethanol ! enrichment, indicating that the change produced by one treatment could be opposite that produced by the other. Similarly, 20 genes showed significant effects of social enrichment across sexes and brain areas, and no significant interaction of sex ! enrichment or area ! enrichment ( table 2 ). Of note, 2 genes (Chrna6 and Rabep2) showed significant effects of both ethanol exposure and social enrichment and were also the only genes in table 2 that displayed nominally significant interactions of ethanol ! enrichment, indicating that the effects due to enrichment likely differed according to whether an animal was exposed to ethanol or not and vice versa. Changes in social behavior following prenatal ethanol exposure and reversal with social enrichment. Prenatal exposure to ethanol on G12 negatively affected play fighting and social investigation in male offspring at P42 (top left). These effects were not seen in females (right). Social enrichment negatively affected play fighting and social investigation in saline-exposed male but not female rats. Social motivation (bottom) was negatively affected in both males and females following prenatal ethanol exposure. Social enrichment (grey bars) improved social motivation in ethanol-exposed animals. For play fighting and social investigation: a p ! 0.05, significant differences relative to same-sex saline-exposed nonenriched animals; b p ! 0.05, significant differences relative to same-sex saline-exposed enriched animals. For social motivation: c p ! 0.05, significant differences relative to salineexposed nonenriched animals; d p ! 0.05, significant differences relative to ethanol-exposed nonenriched animals, with post hoc comparisons performed on the data collapsed across sex. Bars are the mean for each group, t bars show the standard error of the mean. n = 9-12 per group. Brain-related genes with significant main effects of ethanol exposure at G12 Brain-related genes with significant main effects of enrichment in EtOH exposed rats The similarity between genes (as measured by a tau coefficient) is indicated by the blue dendrogram below the coefficient scores. The two leftmost colored columns indicate the log2 change in expression (scale bar shown at the top) in ethanolexposed male and female rat samples versus control rats for the amygdala (ENAvsCNA) and ventral striatum (ENVvsCNV). The two rightmost colored columns indicate the changes in ethanolexposed male and female rats that underwent social enrichment versus no enrichment for the amygdala (ESAvsENA) and the ventral striatum (ESVvsENV). Genes with significant main effects of the ethanol exposure (EtOH) and/or social enrichment (SocE) are indicated by the asterisks before their names. Note that of the genes with a significant EtOH effect, most showed increases in expression (red) in both brain areas, with the notable exceptions of Map3k2 and Adnp. The same genes generally showed trends for decreases in expression (green) in the SocE comparison. The same reciprocal relationship was generally the case for those genes with a significant main effect of social enrichment, although the trends were somewhat less consistent across both brain areas in the EtOH sample groups. Interestingly, two genes (Chrna6 and Rabep2) showed significant main effects of both ethanol and social enrichment, and the direction of changes produced by those treatments was the same in both cases (increased expression).
Hierarchical cluster analysis was used to visualize the patterns of expression changes for all of the genes in tables 1 and 2 . We observed that of the 10 genes with a significant ethanol effect, most showed increases in expression in both brain areas, with the notable exceptions of Map3k2 and Adnp ( fig. 2 ) . Interestingly, the same genes generally showed trends for decreases in expression as a result of social enrichment. The same reciprocal relationship was often the case for those genes with a significant main effect of social enrichment, although the trends were somewhat less consistent across both brain areas in the ethanol-exposed sample groups. We note that the two genes with significant main effects of both, ethanol and social enrichment (Chrna6 and Rabep2), produced changes largely in the same direction in both comparisons (increased expression) when comparisons were made within separate groups (ethanol-unenriched vs. control-unenriched, and ethanol-enriched vs. ethanol-unenriched; fig. 2 ). Interestingly, the nominally significant ethanol ! enrichment interaction that was detected for these genes was due to the fact that comparisons of the control-enriched versus control-unenriched samples (not shown) re- Biological interaction network for genes with ethanol or social enrichment effects. The 28 total genes identified in the microarray screen were subjected to functional mapping using the STRING database. These genes are indicated with colored spheres. An additional 56 of connecting gene nodes were added in to facilitate detection of interaction networks (genes indicated with white spheres). The strength of the interactions between proteins is indicated by the thickness of the lines interconnecting them. We note that only about half the genes of interest were strongly interconnected with other genes, while several of the genes displayed no identified interactions.
vealed changes that were more than twice as large as those seen in the other comparisons. Thus, although ethanol increased expression of these genes, social enrichment increased expression to a much greater extent, producing a statistical interaction due to differences in the magnitude of the effect produced by each treatment. A biological interaction network was constructed using all 28 unique genes that we identified as input for the STRING database ( fig. 3 ) . Approximately half the genes were found to strongly interact with other proteins that were at least distantly connected, while the other half of the genes were largely solitary. Four subclusters were identified that interconnected (1) Fzd9 and Wnt10a, (2) Stx4, Stx5, Scrib and Rab5b, (3) Kiss1 and Edn2, and (4) Galr3, Agrp, and Taar1.
Finally, we tested all 28 genes with significant ethanol or social enrichment effects for evidence of ASV effects. Interestingly, no ASV effects were seen in the 10 genes with significant prenatal ethanol effects. However, several of the genes with significant effects of social enrichment in ethanol-exposed rats did show putative (nominally significant) splice variant effects. The most significant of these were for the Slc6a19 and Kiss1 genes (p = 0.0007 and 0.0008, respectively). Examination of the expression level of each exon across the gene indicated consistently increased exon expression for both genes as a consequence of social enrichment. Notably, Slc6a19 showed the greatest increases in the middle of the transcript cluster, while Kiss1 showed the greatest increases in the 5 and 3 ends of the cluster ( fig. 4 ).
Discussion
In this study, we examined whether a form of social enrichment, namely housing rats that had been prenatally exposed to ethanol with peers that had regular prenatal and postnatal experiences, could ameliorate the social deficits seen in the ethanol-exposed rats and what the molecular mechanisms of such effects might be. We found that this particular form of social enrichment normalized the social motivation deficit (i.e., avoidance phenotype) normally seen when they are housed with sex-matched prenatal ethanol-exposed littermates. There were no significant improvements of the other behaviors examined. Molecular analyses of the amygdala and ventral striatum of the postnatal rats at P42 indicated several specific gene expression changes that might contribute to the social avoidance phenotype as well as its reversal.
Social Behavior
As in our previous study [9] , male rats prenatally exposed to ethanol on G12 and housed with littermates after weaning demonstrated decreases in social investigation, contact behavior, and play fighting. These social deficits were not evident in their female counterparts. In accord with our earlier findings, decreases in social motivation, indexed via a transformation of social preference into social avoidance, were evident in both males and females prenatally exposed to ethanol and housed with littermates. These findings suggest that the social consequences of prenatal exposure to ethanol on G12 are extremely robust and can be replicated. It should be noted that these behavioral outcomes are dependent on administration of ethanol on G12, we have previously reported that injection of ethanol on G7 results in a different behavioral outcome [9] . It is not clear how these findings might be extrapolated to a model in which the ethanol exposure is over a longer period of time. Findings by others show changes in social behavior after administration of ethanol to rats during gestation or gestation plus the early postnatal period [8, 40, 41] . However, each of these studies used a different method of ethanol administration, achieved different blood ethanol concentrations, administered different behavioral tests, and measured different outcomes.
Animals prenatally exposed to ethanol demonstrated social avoidance at P42, whereas social preference was evident in controls. Our earlier findings have shown that the coefficient of social preference/avoidance is an index of anxiety-like behavior in the social context, since this measure is extremely sensitive to both anxiogenic [42, 43] and anxiolytic [43, 44] manipulations. Specifically, when tested in an unfamiliar, anxiety-provoking environment, animals demonstrate social avoidance regardless of age and sex. In contrast, testing under familiar, nonstressful circumstances results in social preference [45] . Taken together with the results of the present study, these findings suggest that prenatal exposure to ethanol enhances social anxiety. Intriguingly, this social anxiety can be ameliorated by housing of the socially anxious animals with peers that never experienced ethanol in utero and, as a result, have a 'normal social phenotype' ( fig. 1 ). Our results are in agreement with earlier findings demonstrating that rearing of laboratory rodents in enriched environments reduces anxiety-like behavioral manifestations [31, 46, 47] .
Social enrichment, however, was ineffective in mitigating decreases in social interactions seen in males following prenatal ethanol. These findings are in contrast with reports that environmental enrichment can reverse social deficits induced by prenatal insult. For instance, Morley-Fletcher et al. [48] have found that environmental enrichment ameliorated social deficits induced by prenatal stress by substantially increasing social interactions in prenatally stressed animals. Similarly, Schneider et al. [25] have reported that environmental enrichment reversed social deficits induced by prenatal exposure to valproic acid. Enriched animals (housed in groups of 12 in a large cage filled with toys) included both those exposed to valproic acid and unexposed controls, and showed elevated levels of play fighting as adolescents and increased social interactions as adults relative to nonenriched controls.
In contrast to these socially enhancing effects of environmental enrichment seen in control males [25] , our socially enriched control males demonstrated reliable decreases in social behavior, an intriguing and unexpected finding. One possible explanation is that our 'socially enriched' control animals were withdrawn from their social milieu, and this separation from littermates on the day of weaning and placement in a cage with nonlittermates was extremely stressful for males and resulted in decreased social interactions later in life. Unfortunately, the effects of housing with littermates versus nonlittermates after weaning on social behavior during adolescence have not been investigated so far.
Gene Expression
The set of genes that we identified with significant ethanol effects included those with direct involvement in neurotransmitter binding or voltage regulation (Achr6, Cabp4), as well as neurotransmitter/synaptic vesicle transport (Rab5b, Rabep2, Scrib), and second messenger signaling (Rgs11, Arrdc2, Map3k2) ( table 1 ). In contrast, the majority of genes with significant effects of social enrichment in ethanol-exposed rats displayed primary involvement in receptor functions ( table 2 ). One reason for the possible differential effect could be the fact that the ethanol exposure was more temporally remote than the social enrichment.
In many cases, the genes that were significantly affected by ethanol exposure on G12 displayed changes in expression that were reversed by social enrichment (though such changes did not survive correction for multiple testing). The same was also true of the effects produced by social enrichment ( fig. 2 ) . However, the two genes that were independently changed in both analyses (Chrna6 and Rabep2) showed similar changes (increased expression) as a result of ethanol exposure as well as social enrichment. Notably, these were the only genes significantly affected by ethanol that showed a nominally significant ethanol ! enrichment interaction. In this case, however, the interaction was due to the fact that the increased expression seen with ethanol exposure or seen with social enrichment in ethanol-exposed animals ( fig. 2 ) was less than half the increase seen due to social enrichment alone in animals who were not exposed to ethanol (not shown). Apart from these two genes, whose effects may be nonspecific, we believe that the set of genes we identified may serve as a key molecular network in the amygdala-forebrain circuitry that regulates decreased social motivation seen following prenatal ethanol exposure and increased social motivation seen following subsequent social enrichment. It is beyond the scope of this report to review the functions of all of these genes. However, in the space that follows, we briefly highlight a few of the genes that we identified with more novel roles related to amygdala or social functioning.
Galanin is a 29-or 30-amino acid neuropeptide that functions in a manner similar to a neurotransmitter, and plays an important role in the hypothalamus, where it interacts with other gene products such as Agrp and Pomc ( fig. 3 ) , that play well-characterized roles in regulating food intake. Of greater relevance to the current study, galanin has recently been recognized as involved in the regulation of mood and anxiety, the central response to stress, and the regulation of ethanol intake and dependence [49, 50] . Galanin exerts its effects through one of three receptor subtypes (Galr1, Galr2, Galr3). These receptors exhibit regional and cellular differences in expression [51] . In our studies, we found that Galr3 expression was significantly increased in the amygdala and ventral striatum following social enrichment, while showing trends for region-specific changes following prenatal ethanol exposure (decreased expression in the amygdala, increased expression in the ventral striatum; fig. 2 ).
Ethanol is known to strongly affect GABAergic transmission. Interestingly, based on slice recordings, Bajo et al. [50] recently determined that Galr3 likely augments GABAergic transmission (enhances inhibitory postsynaptic potentials) in specific populations of neurons in the central nucleus of the amygdala at the postsynaptic level, and that ethanol augments GABAergic transmission at the presynaptic level in those same cells. Together, the effects of ethanol and galanin were additive, resulting in markedly reduced inhibitory postsynaptic potentials in the central nucleus of the amygdala when the compounds were coadministered. Taken together, these findings suggest that the trend toward reduced Galr3 expression in the amygdala in our rats prenatally exposed to ethanol could serve to decrease inhibitory conductance in this structure. In contrast, the significant increases in Galr3 expression in the amygdala (as well as ventral striatum) following social enrichment suggests that these brain structures may be attempting to restore a more 'normal' level of inhibitory control (inhibitory postsynaptic potentials), and possibly reduce the excitatory drive of this structure. These possibilities are further supported by the available data on the use of galanin or galanin receptor agonists in the treatment of rodent models of anxiety and depressive disorders [49] . In fact, Karlsson and Holmes [49] suggested that '… galanin recruitment during extreme behavioral and physiological provocations such as stress and opiate withdrawal may serve to attenuate negative emotional states caused by noradrenergic hyperactivation. ' Another gene with an important novel role in regulating brain function is Kisspeptin (Kiss1). Mature Kiss1 is a 54-amino acid neuropeptide that signals through a Gprotein-coupled receptor and is normally expressed at high level in the arcuate and periventricular regions of the hypothalamus, where it regulates the response of hypothalamic neurons to growth hormones (e.g. Igf1) as well as gonadal hormones and the initiation of puberty [52] , in part through stimulation of luteinizing hormonereleasing hormone release. However, outside the hypothalamus, the role of Kiss1 is poorly understood. The expression level of Kiss1 is high in specific regions of the amygdala, including the medial nucleus which has been implicated in social and emotional behavior, and the ventral striatum where its expression may be isoform-specific, and strongly influenced by circulating sex hormones, with highest levels seen during proestrous and lowest levels in both male and female gonadectomized mice and rats [52] . Brain levels of Kiss1 mRNA are also known to decrease in response to stress [53] . In our data on adolescent rats, we found that levels of Kiss1 were significantly increased following social enrichment, but showed no significant change (or only a trend for increased expression in the ventral striatum) following prenatal ethanol exposure ( fig. 2 ) . Moreover, we also found evidence to support a possible effect of social enrichment on exon usage ( fig. 3 ). Prenatal ethanol exposure is known to delay pubertal onset and decrease sexual behavior in adolescent rats, at least partly through effects on luteinizing hormone-releasing hormone release [54] . Hiney et al. [55] noted that acute ethanol administration normally blocks Igf1-induced luteinizing hormone-releasing hormone release, and tested whether changes in Kiss1 expression modulated these effects. They reported that the Igf1-induced expression of Kiss1 was blocked by ethanol. Thus, their data support our findings of lack of a direct effect of ethanol on Kiss1 mRNA expression, but underscore the ability of ethanol to influence Kiss1-mediated neuroendocrine and behavioral responses. The fact that we observed significantly increased expression of Kiss1 following social enrichment in prenatal ethanol-exposed adolescents suggests that this behavioral treatment could help 'normalize' the delays in sexual maturity and sexual behavior documented in other studies of such rats. Viewed in this context, it is intriguing to speculate about a role of the amygdala in regulating both sexual and nonsexual forms of social behavior.
In addition to Galr3 and Kiss1, several other genes showed patterns of change which at least partly resembled the behavioral data (opposing trends due to ethanol and social enrichment). These genes included three that were increased by ethanol and decreased by social enrichment (Stx4, Stx5 and Rab5b) and two that were decreased by ethanol and increased by social enrichment (Adnp and Taar1). The first of these sets of genes are notable because of their involvement in vesicular trafficking, including synaptic vesicle docking and fusion as well as endosome recycling of postsynaptic receptors [56] . The second set of genes are notable because Adnp is thought to function as a transcription factor and may regulate p53, a protein known to be targeted by ethanol [57] , and because Taar1 specifically modulates dopamine release in the striatum as well as the spontaneous firing of dopaminergic neurons in the ventral tegmental area [58] , two structures that are critically involved in addiction and reward-based behavior. Thus, some of the additional genes modified by social enrichment may act through specific intracellular pathways to compensate for the effects produced by prenatal ethanol exposure.
In summary, this study found that social enrichment can reverse the social motivation deficits seen in adolescent rats produced by prenatal ethanol exposure. This effect was present in both male and female rats. Our molecular analysis of neurotransmission-related genes suggested a number of specific genes that could contribute to the deficit and its reversal. Some of these genes, such as galanin and Kiss1, represent intriguing opportunities for future studies of the role of the amygdala and ventral striatum in social behavior.
